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ABSTRACT 

The  effects  of  transverse  stress  on  the  magnetization 
of  3NiCr  steel  were  derived  and  observed  in  terms  of 
three  separate  contributions.  First,  the  previously 
determined  stress- effective  field  was  examined  for 
transverse  stress,  and  agreed  with  the  results  obtained 
in  past  experiments.  A  reversal  of  the  effects  of  tension 
and  compression  was  predicted  and  observed. 

Second,  the  stress- sensitive  reluctance  was  found 
to  behave  linearly  with  tensile  strain.  The  experiment¬ 
ally  observed  slope  of  1.55±.05  correlated  with  the 
derived  value  of  1.60±.06.  A  lower  limit  to  the 
reluctance  was  seen  in  compression. 

The  third  effect  was  the  fractional  populations  of 
stress-active  domain  walls.  This  is  a  newly  postulated 
effect  which  accounts  for  large-scale  changes  in 
domain  structure  due  to  the  application  of  external 
stress.  The  fractional  populations  of  field-enhancing 
domain  walls  was  observed  to  be  equal  to  that  od  filed- 
reducing  walls.  Furthermore,  the  total  population  of 
stress-active  walls  was  found  to  be  a  function  of  applied 
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SECTION  I  -  THEORY 


The  magnetization  of  ferromagnetic  materials  is 
affected  both  by  the  application  of  an  external  magnetic 
field,  and  by  stress  applied  to  the  material.  Stress 
effects  on  magnetization  were  first  examined  in  the 
early  1800's  by  Mateucci,  Villari  and  others.  Since 
those  first  experimental  studies,  there  have  been  many 
contributions  to  a  better  understanding  of  the  stress 
dependence  of  magnetization.  It  is  the  purpose  of  this 
study  to  determine  stress  effects  on  the  magnetic 
behaviour  of  U.S.  Navy  shipbuilding  steels.  The  sample 
used  in  this  research  was  fabricated  of  3NiCr  steel, 
which  is  the  material  used  in  the  construction  of  some 
Navy  ships.  The  sample  was  subjected  to  external  fields 
well  beyond  the  coercive  field,  and  stress  well  beyond 
the  residual  stress  of  the  material,  in  both  tension 
and  compression.  In  all  instances,  the  stress  was  applied 
perpendicular  (transverse)  to  the  external  field. 

Magnetization  in  materials  takes  place  by  the 
alignment  of  electron  spins.  The  total  magnetization 
is  due  to  the  additive  effect  of  these  spins.  There  is 
an  exchange 
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energy  betv/een  the  electrons  in  a  material  such  that  they 
tend  to  align  themselves  along  an  easy  axis  in  the  crystal 
lattice.  For  the  3NiCr  sample  used,  the  easy  axis  is  the 
<100>  axis.  It  is  easy  to  saturate  the  material  along  one 
of  these  directions,  and  it  is  much  more  difficult  to  mag¬ 
netize  the  material  in  any  other  direction.  This  preferred 
orientation  of  magnetization  is  due  to  the  anisotropy 
energy  of  the  material.  In  a  single  crystal,  this  energy 
is  extremely  significant. 

It  is  clear  that  all  electron  spins  in  a  given  sample 
of  ferromagnetic  material  are  not  aligned  parallel  to  each 
other.  The  net  magnetization  of  most  materials  is  close 
to  zero,  v/hich  would  not  be  the  case  if  the  material  were 
saturated  in  a  single  direction. 

To  account  for  the  net  zero  magnetization,  Pierre 
\'!eiss  introduced  the  concept  of  domains:  a  domain  is  a 
small  region  in  the  material  which  is  magnetized  to  satur¬ 
ation  in  a  given  direction.  There  are  very  many  domains 
that  constitute  the  entire  material,  each  saturated  in  a 
different  direction,  so  that  the  net  magnetization  over 
the  whole  material  averages  close  to  zero.  This  concept 
has  been  verified,  and  domains  have  been  observed  directly. 

Domains  are  formed  inside  a  material  due  to  the  re¬ 
duction  of  magnetostatic  energy.  By  the  opposition  of  two 
magnetic  domains,  each  saturated  in  opposite  directions, 
the  energy  is  greatly  reduced  from  the  case  of  a  single 
domain. 


Single  Domain  Opposed  Domains 

Greater  Ilagnetostatic  Energy  Reduced  Magnetostatic  Energy 

The  continued  reduction  of  magnetostatic  energy  v/ould 
drive  the  material  to  divide  infinitely.  The  equalizing 
factor  is  the  fact  that  it  requires  energy  to  form  a  do¬ 
main  wall  between  two  domains.  Domain  subdivision  stops 
when  the  total  energy  is  a  minimum. 

Taking  domains  into  consideration,  there  are  two  ways 
in  v/hich  the  net  magnetization  in  a  material  may  be  changed 
The  first  method  is  through  the  movement  of  domain  walls. 

By  increasing  the  volume  of  domains  saturated  in  a  parti¬ 
cular  direction (while  simultaneously  decreasing  the  volume 
of  those  saturated  in  other  directions),  a  net  magnetiza¬ 
tion  can  rei^ult.  This  mechanism  is  referred  to  as  domain 
wall  translation.  The  second  way  that  magnetization  can 
take  place  is  through  rotation.  This  occurs  when  the 
direction  of  magnetization  within  a  domain  is  altered  from 
its  easy  axis.  These  two  processes  are  illustrated  in 
Figure  2, 


.'.'all  Translation 


Rotation 
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V.Tien  a  magnetizing  force  is  applied  to  the  material,  both 
of  these  effects  occur  simultaneously.  However  for  low 
fields,  the  v/all  translation  effect  dominates,  whereas  the 
rotation  effect  dominates  for  higher  fields,  well  above  the 
coercive  field, 

Each  of  the  domains  in  a  material  has  with  it  an 
associated  energy.  In  a  more  complete  analysis,  the  energy 
within  a  domain  is: 


1)  E  =  ^sin^(2d„^)  +  “  Hr^y:os(€L)  *  '^■‘■^cos(6U) 


In  the  first  term,  the  anisotropy  energy,  k  is  the 
anisotropy  constant  for  the  material,  and  6^  is  the  angle 
between  the  easy  axis(<100>)  and  the  magnetization.  The 
second  term  of  the  equation  is  the  juagnetoelastic  energy 
where  X*  is  the  saturation  magnetostriction,  r  the  applied 
stress,  and  CUr  the  angle  between  the  direction  of  applied 
stress  and  the  direction  of  magnetization.  The  third  term 
is  the  magnetostatic  term.  In  this  term  !I  is  the  applied 
field,  li,  is  the  saturation  magnetization,  =%xlO”'^  H/A  , 
and  Om.  is  the  angle  between  field  and  magnetization.  The 
fourth  term  is  the  demagnetization  energy  where  D  is  the 
demagnetization  constant  for  the  sample (  a  factor  which 
depends  on  the  shape  of  the  sample) ,  and  6^  is  the  angle 
betv/een  the  demagnetization  and  the  magnetization. 
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It  is  advantageous  at  this  time  to  consider  one  of 
the  terms  of  the  domain  energy  equation.  This  term  is 


the  anisotropy  energy.  This  energy  is  associated  with  the 
rotation  of  the  liiagnetization  within  a  domain  of  the  mat¬ 


erial,  If  the  energy  is  minimized  for  the  anisotropy 
energy  and  the  field  energy,  one  finds  that  the  rotation- 
related  field  is: 


2) 


K, 


For  our  material,  the  anisotropy  constant  k  is  4300  J/m^, 
This  results  in  a  related  field  =  40,000  A/m,  which  is 
many  times  the  fields  applied  during  the  course  of  the 
experiments. 

Similarly,  if  one  minimizes  the  energy  of  the  aniso¬ 
tropy  and  stress,  the  relation  is; 


=  3^ 

This  related  stress  is  of  the  order  =  3* 38x10®  J/m^, 
which  is  many  times  the  limits  imposed  by  this  experiment. 
From  the  large  values  obtained  for  the  equivalent  field 
and  stress  as  they  are  related  to  the  anisotropy  energy, 
it  is  assumed  that  this  energy  does  not  change  a  signi¬ 
ficant  amovint  in  the  course  of  the  experimental  process, 
and  the  anisotropy  energy  will  be  treated  as  a  constant 
for  the  purposes  of  this  research. 

There  is  another  contribution  to . the  energy  that  is 
not  expressed  in  Equation  (1),  This  is  an  energy  due  to 
the  internal  stresses  within  the  material.  Internal 
stresses  arise  when  the  raaterial  is  heated  and  cools  un¬ 
evenly,  vfhen  it  is  bent  or  twisted,  or  v/hen  it  is  machined 


These  are  s;nall,  evenly  distributed  stresses  inside  the 
bulk  of  the  raaterial,  independent  of  any  externalli* 
applied  stress.  The  internal  stresses  for  our  raaterial 

n  o 

are  characteristically  on  the  order  of  6x10'  ’"hich 

is  comparable  to  the  stresses  applied  to  the  laaterial 
during  the  course  of  the  experiments.  This  energy  is 
seen  to  have  definite  effects  v/hen  the  applied  stress  is 
equal  to  or  less  than  the  internal  stress. 

Now  that  these  two  quantities  have  been  examined, 
the  dominant  stress  effects  on  magnetism  will  be  treated, 
S,]R,  Eirss^  stated  that  the  magnetization  of  ferromagnetic 
materials  due  to  stress  depended  on  three  effects: 

1,  Direct  pressure  on  the  domain  walls;  2.  Changes  in  the 
opposition  to  domain  wall  movement;  3*  Large  scale  changes 
in  domain  structure,  2ach  of  these  effects  y/ill  now  be 
considered  separately, 

./hen  stress  is  placed  on  a  ferromagnetic  .material, 
there  is  a  consequent  pressure  that  exerts  itself  directly 
on  the  domain  walls,  causing  them  to  move.  This  transla¬ 
tion  will  result  in  a  change  in  the  magnetization  of  the 

2 

material,  ■./,  F,  Erovm  examined  the  effects  of  this  direct 
pressure  and  suggested  that  in  relation  to  stress,  there 
v/ere  three  distinct  types  of  domain  walls.  In  Figure  3» 
three  types  of  domain  structures  are  illustrated. 


Closure  Domain  Configurations 
From  the  figure,  one  can  see  that  the  boundaries  betv/een 
adjacent  doiiiains  are  either  at  a  90*  or  180*  angle  with  the 
domain  direction,  Brov/n  deduced,  from  the  sin  (€),v)  de¬ 
pendence  in  the  magnetoelastic  energy  term  of  liquation  (1), 
that  the  180*  walls  were  not  affected  by  stress,  Furtheritore 
he  stated  that  the  90*  walls  are  divided  into  two  groups: 
those  that  will  move  to  enhance  the  field  with  tension 
(90+) ,  and  those  that  \;dll  move  to  oppose  the  field  in¬ 
tension  (90-),  The  contributions  of  these  two  types  of 
walls  are  reversed  v.dth  the  application  of  compressionC  (90-) 
walls  increase  the  field  with  compression  and  (90+)  walls 
decrease  the  field  with  compression).  The  contributions 
of  each  of  these  wall  types  were  plotted  by  Brown  on  a 
magnetization  curve  for  a  process  whereby  the  sample  is 
demagnetized,  an  external  field  is  applied,  and  tension  is 
applied  and  removed,  C,S,  Schneider"^  extended  this  pro¬ 
cess  to  include  the  application  of  a  compression  and  re¬ 
lease,  Schneider's  results  are  shovm  in  figure  4. 

In  this  graph,  v/hich  shows  .the  magnetization  of  the 
sample  due  to  the  applied  field  and  stress,  the  individual 
contributions  of  each  type  of  stress-effective  v;all  are 
shov/n.  First,  the  sample  is  magnetized  by  an  external 


field  up  to  point  (A) 
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H-Mr  H  H*-Hr 

Contribution  of  Stress-Active  Vails 
for  Tension-Compression  Cycle 

A  tension  is  applied  v/hich  gives  rise  to  a  stress-effective 

* 

field  II  v/here: 

During  this  process,  the  (90+)  walls  continue  to  y.agnetize 
the  saiv.ple  up  to  point  B+,  where  the  (90-)  walls  decrease 
the  magnetization  down  to  point  B-,  The  (90-)  walls  do 
not  retrace  the  original  path  of  magnetization,  but  are 
subject  to  a  hysteresis.  This  was  described  by  Ilondorsky^, 
and  restated  by  Schneider  in  the  form: 

5)  -X'  («H)  =  %  (^> 

where  “X  =  dl-I/dK,  the  differential  susceptibility  of  the 
material.  This  relation  states  that  if  a  material  is 
magnetized  with  a  field  H,  and  subject  to  a  decrease  in 
field  4ll(such  as  that  imposed  by  the  movement  of  (90-) 
walls),  the  susceptibility  will  be  that  of  the  half-arguir.er.t 

•iouation  (4) »  and  all  others  are  derived  from  Equation  (1) 
in  Appendix  A,  They  are  omitted  here  in  the  interest  of 

continuity. 
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of  the  original  field,  — This  relation  is  derived  in 
Appendix  L,  This  effect  is  only  applicable  to  a  reversal 
of  field,  so  the  (90+)  walls  continue  to  increase  the 
uagnetization  along  the  original  line,  Schneider  continued 
the  process  to  the  release  of  tension (points  C+  and  C-  for 
(90+)  walls  and  (90-)  walls  respectively),  application  of 
compression  (D+,  D-) ,  and  release  of  compression  (T+,  r>), 
hondorsky's  Law  applies  upon  all  effective  field  reversals. 

From  Squation  (1)  the  stress  and  field  energy  terms 

are; 

3  =  ^■^*^sln^(6,y)  -  !rii,-^fcCOs(fll^ 

By  iiiniiiiizing  this  energy,  and  applying  the  conditions  for 
transverse  stress,  one  arrives  at  the  relation: 

6)  11#  (transverse)  = 

Comparison  of  liquation  (4)»  which  was  derived  for  the  uni¬ 
axial  stress-field  condition  employed  by  Schneider,  and 
Equation  (5)»  which  is  the  relation  derived  for  transverse 
stress- field,  reveals  that  they  are  equivalent  except  for 
a  sign  reversal.  The  physical  significance  of  this  sign 
change  is  that  the  effects  of  tension  and  compression  are 
reversed  for  the  two  cases,  A  material  subjected  to  trans¬ 
verse  stress  will  behave  in  tension  the  same  way  the 
material  subjected  to  uniaxial  stress  v/ill  behave  in  com¬ 
pression,  This  reversal  arises  from  the  angular  dependence 
of  the  application  of  stress  and  field  seen  in  liquation  (1) 

Equation  (5)  is  the  governing  equation  for  the  effect 


of  direct  pressure  on  domain  walls.  It  is  seen  to  ce  a 
linear  effect  with  stress.  This  direct  pressure  effect 
is  only  one  of  the  three  effects  that  stress  has  on  a 
material.  The  next  one  to  be  addressed  is  the  variations 
in  opposition  to  domain  wall  movement. 

There  are  properties  of  a  material,  such  as  inclu¬ 
sions,  impurities,  internal  stresses,  and  grain  boundaries 
v/hich  serve  to  hinder  the  movement  of  domain  walls  through 
the  material.  They  are  obstacles  against  which  domain 
walls  may  be  pinned.  The  configuration  of  these  obstacles 
is  altered  v/ith  the  application  of  external  stress,  which 
in  turn  alters  their  opposition  to  domain  wall  movement. 

As  a  domain  wall  moves  through  an  inclusion  in  the  material, 
it  sets  up  small  domain  structures  as  shovm  in  Figure  5* 


FIGU!?E  5 


Domain  V/all  Movement 
Through  an  Inclusion 


A  stress  placed  on  the  sample  will  cause  changes  in  the 
configuration  of  the  spikes  shown  in  Figure  (pc),  and  alter 
the  magnetization  in  the  saiaple.  This  opposition  has  beer- 
suggested  before  by  tv/o  French  physicists,  Lliboutry'' ,  and 
i:eSl^, 

As  a  prelude  to  examining  the  opposition  to  wall  move¬ 
ment,  or  reluctance  as  it  is  called,  the  susceptibility  will 
be  considered.  The  susceptibility  is  the  rate  at  v/hich  a 
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material  responds  to  a  magnetizing  force,  Expressed 
mathematically  this  is: 


where  K  is  the  susceptibility,  M  is  the  magnetization  of 
the  material,  and  is  the  effective  interior  field  in¬ 
side  the  material,  The  effective  interior  field  is  smaller 
than  the  externally  applied  field: 

7)  =  H,  -  Dm 

where  H*  is  the  applied  field,  D  is  the  demagnetization 
factor  for  the  sample,  and  M  is  the  magnetization  of  the 
sample.  Thus,  the  interior  field  is  diminished  inside 
the  sample  by  the  demagnetizing  field  which  is'  established 
inside  the  sample  to  oppose  the  applied  field.  This 
demagnetizing  field  arises  from  the  geometry  of  the 
sample  and  the  establishment  of  magnetic  poles  at  points 
of  discontinuity. 

For  ferromagnetic  materials,  there  are  two  contribu¬ 
tions  to  the  susceptibility: 

8)  X. 

v/here  Xii  is  the  total  inherent  susceptibility,  %^±s 
that  part  of  the  susceptibility  due  to  the  rotation  mechan¬ 
ism,  and  is  the  component  of  the  susceptibility  due  to 
the  translation  mechanism.  The  rotational  part  of  the 
susceptibility is  very  small  in  relation  to  the  trans¬ 
lational  part,  due  to  the  large  anisotropy  energy  discussed 
before.  The  total  .inherent  susceptibility  in  our  material 
is  dominated  by  the  translational  component  and  most  of 
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the  magnetization  that  occurs  is  due  to  r.onain  v/all 
motion. 

The  reluctance,  or  opposition  to  the  movement  of  domain 
v/alls  is  inversely  related  to  the  susceptibility,  and  can 
be  expressed  as  follo;ys: 

5)  =  4  +  ^  +  ^^(r) 

2^'lf 

v/here  ^  is  the  reluctance, 

is  the  total  inherent  susceptibility,  3  is  the  demag¬ 
netization  factor,  and  the  final  tern  is  derived  from  the 
magnetoelastic  energy  of  the  materiaKsee  Appendix  A  for 
this  derivation),  Equation  (9)  represents  a  linear  equa¬ 
tion  in  stress 

X  =  A  +  3(r) 


where 


10)  A  =  4  ^ 


is  a  constant  involving  properties  of  the  material,  and 
11)  B  = 

is  the  slope  of  the  line, 

Equation  (9)  is  the  governing  equation  for  the  effect 
of  the  changes  in  the  opposition  to  domain  wall  translation, 
the  stress-dependent  reluctance,  T'wo  of  the  three  effects 
have  been  exa:r.ined  in  detail  and  have  been  shown  to  be 
simple,  linear  relations  with  the  application  of  external 
stress.  The  final  parameter,  the  large  scale  alterations 
to  domain  structure,  will  nov/  be  given  attention. 

The  two  effects  described  so  far  have  been  analyzed 
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\vith  the  assumption  that  the  general  domain  structure  re¬ 
mains  unchanged  v/ith  the  application  of  stress.  In  their 
work  involving  stress-effective  fields,  both  Schneider  and 
Brown  treated  the  amount  of  stress  sensitive  walls  to  be 
constant.  Furthermore,  they  assumed  that  the  population 
of  (90+)  walls  was  equal  to  the  population  of  the  (90-) 
'walls.  This  must  by  no  means  be  the  case.  The  reorien¬ 
tation  of  domain  walls  due  to  stress  v/ill  have  an  effect 
on  the  magnetic  behavior  of  the  material.  This  effect  -was 
suggested  by  3,?.,  Birss  as  large-scale  changes  in  domain 
structure. 

As  stated  before,  the  establishment  of  domains  is  due 
to  an  energy  balance  between  the  magnetostatic  energy  and 
the  domain  v;all  energy.  If  a  great  deal  of  energy  is  intro¬ 
duced  through  the  application  of  stress,  the  energy  balance 
will  be  altered  and  new  domain  structure  vd-ll  result. 

This  redistribution  of  domains  v/ill  give  rise  to  tv/o 
changes  that  will  affect  the  magnetization  of  the  material. 
First,  there  v;ill  be  a  change  due  to  the  change  in  total 
domain  v/all  area  within  the  material.  Second,  as  these 
nev.'  domain  v/alls  move,  they  v/ill  sweep  out  different 
volumes  than  the  original  v/alls  did.  These  two  effects, 
the  wall  area  and  the  domain  volume  effects,  v/ill  be 
treated  together  as  a  single  variation  due  to  the  change 
in  wall  populations.  This  ciUiiulative  effect  v/ill  be  sym¬ 
bolized  in  this  paper  by  the  variable  (f).  If  the  total 
contribution  to  the  energy  is  normalized  such  that  the 


total  populatiorx,  (f;),  ia  imity,  then  this  total  popula¬ 
tion  is  divided  into  the  three  distinct  wall  types  listed 
oelow, 

1,  (f+)  =  the  fraction  of  the  total  population  that 
consists  of  (90+)  walls,  and  increases  the  inagnetization 
with  tension, 

2,  (f-)  =  the  fraction  of  the  total  population  that 
consists  of  (90-)  v/alls,  and  increases  the  magnetization 
with  compression, 

3*  (f^)  =  the  fraction  of  the  total  population  that 

consists  of  (180)  v/alls,  and  are  not  affected  by  stress. 

The  s;irii  of  the  fractions  must  add  up  to  the  total  population, 
which  has  been  normalized  to  unity,  such  that 
12)  (f+)  +  (f-)  +  (f^)  =  (fr)  =  1 

Thus,  the  population  factor,  (f),  accounts  for  the 
large  scale  domain  changes  by  separating  the  contributions 
of  (90+) ,  (90-),  and  (180)  walls. 

In  review,  three  effects  on  the  variation  of  magneti¬ 
zation  v/ith  stress  have  been  examined.  They  are:  the 
linear  stress-effective  field  arising  from  direct  pressure 
on  domain  walls;  th»  stress-sensitive  reluctance,  v/hich 
comes  from  the  variation  of  the  opposition  to  domain  v;all 
motion;  and  the  scaling  of  v/all  populations  due  to  large 
alterations  in  domain  structure.  These  effects  have  been 
symbolized  by  Ii« , 'X* »  and  (f)  respectively.  In  a  mathematical 
form,  talcing  these  factors  into  account,  the  magnetiza¬ 
tion  change  in  a  material  can  be  expressed  by  the  relation: 
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13)  =/g  (fi)‘X*(ni)d:i^ 

where  the  suj;iiiiation  is  riade  over  the  contributions  of  the 
three  different  wall  types, 

Equation  (13)  describes  the  change  in  magnetization, 
dM,  in  terms  of  the  three  variables  discussed.  If  these 
three  processes  were  to  act  simultaneously,  it  would  be 
very  difficult  to  e:rtract  any  information  from  the  data 
taken  due  to  the  complexity  of  the  curves.  It  v;as  the 
aim  of  all  experiments  to  subdue  or  control  two  of  the 
three  parameters  in  order  to  study  the  third  alone.  In 
the  treatment  that  follows,  it  Y/ill  be  seen  that  quite  com¬ 
plex  changes  can  be  interpreted  as  the  simultaneous  effects 
of  some  remarkably  simple  relationships. 


SECTICII  II- 
EXIERIMEETAL  AIPARATUS 

The  material  used  for  the  experiments  was  3NiCr  steel, 
the  same  steel  used  in  the  construction  of  U.S.  Navy 
ships  hulls (an  analysis  of  3NiCr  is  given  in  Appendix  C). 

A  hollow  cylinder  was  machined  from  a  solid  sample  of  the 
material.  The  dimensions  of  the  cylindrical  samiple  are  given 
in  Figure  (6).  There  were  two  rows  of  holes  drilled  at  each 
end  of  the  cylinder.  Each  row  consisted  of  ten  holes,  spaced 
equally  around  the  walls  of  the  cylinder  and  drilled  radially 
through  the  walls.  The  area  of  the  sample  between  the  two 
outer  rows  of  holes  is  referred  to  as  the  'active'  region, 
as  it  was  the  portion  of  the  sample  that  was  magnetized  during 
the  experiments. 

Outside  the  active  region,  each  end  was  reinforced  and 
threaded  to  acconmodate  mounts  to  the  stress-application  mech¬ 
anism,  Stress  was  applied  by  means  of  an  Instron  automatic 
stress  machine.  The  Instron  was  capable  of  applying  stress 
at  a  controllable  rate,  and  of  maintaining  the  sample  in  a 
fixed  state  of  stress 


FIGURE  6 
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In  order  to  measure  the  stress  on  the  sample,  a  strain 
gauge  bridge  was  applied  to  the  outer  wall  of  the  cylinder. 

The  voltage  across  the  bridge  was  maintained  precisely  at  a- 
predetermined  value  which  provided  a  readout  where  ten  microvolts 
corresponded,  to  one  microstrain.  The  type  of  strain  gauge  used 
was  accurate  for  readings  up  to  1400  microstrains.  The  dim¬ 


ensionless  quantity  of  strain  is  related  to  stress  by  the  following 


equation: 


strain  =  ^  =  SlESSa 


where  E=  Young's  Modulus  for  SNiCr  steel, 

A  field  was  applied  azimuthally  around  the  walls  of  the 
cylinder  by  means  of  a  wire  coil  (H-coil)  of  100  turns  wound 
between  the  two  innermost  holes  on  the  sample (Figure  7). 

There  were  ten  turns  wrapped  through  each  pair  of  holes  to 
provide  a  uniform  distribution  around  the  walls  of  the  cylinder, 
A  current,  controlled  by  an  amplifier  and  function  generator, 
was  sent  through  the  H-coil  which  apnlied  a  field  given  in 


Equation  (14): 


/H.dl  =  nl 
H(2iir)  =  nl 


(Ampere’s  Law) 


“  2jrr  2irrR„ 

where  H  is  the  applied  field,  n  is  the  number  of  turns  in  the 
il-coil,  r  is  the  radius  of  the  cylinder,  I  is  the  current  in  the 
coil,  Rw  is  the  resistance  of  the  H-coil,  and  Vn  is  the  voltage 
across  the  coil,  Because  of  heating  effects,  the  current  in 
the  H-coil  was  limited  to  1,4  amperes,  which  corresponds  to  a 
maximum -applied  field  of  2150  A/m,  The  transverse  relation- 
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ship  between  stress  and  field  is  shown  in  Figure  (7). 

FIGl^RiO  7-  Stress-Field  Relations-'-i  p 


Another  coil  of  100  turns  was  wound  between  the  two 
outer  rows  of  holes.  This  coil  (B-coil)  was  the  pickup  coil 
which  sensed  the  magnetic  field  induced  in  the  sample. 

The  voltage  across  the  B-coil  was  related  to  the  mag¬ 
netism  by  the  following  relation; 

V,  =  n(^)  (Faraday's  Law) 

where  is  the  voltage  across  the  B-coil,  n  is  the  number 
of  turns  in  the  B-coil,  and  4  is  the  magnetic  flux  through 
the  coil.  The  value  for  di/dt  was  obtained  by  use  of  an 
integrator  with  a  time  constant  RC: 

^  _  AB 
dt  "  RC 

where  A  is  the  area  enclosed  by  the  B-coil,  and  B  is  the 
magnetism  in  the  sample.  Substituting  this  into  the 


above  equation. 

,,  nAB 

'4  =  R<r 

or 

15) 

B  =  RCV 
nA 

The  complete  experimental  apparatus  is  pictured  in 


Figure  (8); 

PIGURF  8  -  EXI  FRIME'ITAL  APrARATUS 

B-COIL 


The  closed  circular  geometry  around  the  walls  of  the 


cylinder  was  advantageous  in  that  the  demagnetization  factor 
for  the  sample  was  very  small.  The  only  contributions  to 
the  demagnetizing  field  arose  from  the  establishment  of  small 
magnetic  poles  at  the  holes  through  which  the  H-coil  was 
wound,  plus  some  other  higher  order  effects  in  the  region 
between  the  two  rows  of  holes  at  each  end.  In  addition  to 
the  small  demagneting  field,  the  closed  geometry  was  a  benefit 
in  that  any  spurious  fields  from  the  surrounding  environ¬ 
ment  did  not  affect  the  measurements;  the  only  fields  that 
were  measured  were  those  controlled  by  the  experimental 
apparatus. 


The  apparatus  proved  to  give  excellent  results  except  in 
the  region  of  very  small  stresses.  In  this  region,  there  was 
a  stalling  effect  due  to  the  backlash  in  the  mounting  of  the 
sample.  There  was  also  a  deviation  because  of  the  initially 
unbalanced  application  of  stress  to  the  sample.  This 
imbalance  came  from  machining  variations  in  the  construction 
of  threads  in  the  mounts  to  the  sample.  These  two  effects 
resulted  in  an  uncertainty  in  the  stress  readout  for  smiall 
stresses,  which  was  removed  for  stresses  greater  than  fifty 
microstrains.  This  is  the  region  -vghere  all  the  experiments 
were  conducted. 


SECTION  III- 


MTA  AND  ANALYSIS 

Using  the  apparatus  described  in  Section  II,  experiments 
v/ere  devised  to  examine  the  three  stress  effects  which  deter¬ 
mine  the  magnetization  in  the  material.  As  was  miCntioned 
before,  the  magnetization  curves  in  which  all  three  parameters 
are  acting  simultaneously  are  difficult  to  interpret  without  an 
understanding  of  how  each  effect  behaves  individually.  In 
order  to  obtain  this  understanding,  experiments  were  construc¬ 
ted  that  would  suppress  the  contributions  of  two  of  the  three 
effects,  so  that  the  third  could  be  closely  examined.  The 
results  of  these  experiments  are  presented  here. 

A , )  Direct  Pressure  on  Domain  Walls 

As  has  been  explained  in  Section  I,  the  application  of 
external  stresses  puts  oressure  directly  on  domain  walls. 

This  pressure  forces  the  walls  to  move,  giving  rise  to  a 

change  in  magnetization.  This  change  in  magnetization  is 

due  to  the  stress-effective  field,  symbolized  by  the  character  ’ 

The  stress-effective  field  for  3NiCr  was  derived  and 
measured  by  C.S,  Schneider  in  1980,  A  review  of  bis  v/ork  will 
serve  as  the  discussion  for  this  effect. 

The  primary  difference  between  Schneider's  experiments 
and  mine  is  that  his  work  involved  uniaxial  stress  and  field, 
whereas  this  research  investigates  transverse  stress  and  field. 
A.n  examination  of  the  thermodynamics  involved  in  the  two  cases 
quickly  reveals  t1  at  for  the  stress-effective  field,  there  is 
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only  one  difference  betv/een  uniaxial  and  transverse  stress, 
?]r;uation  (4-)  ?;ives  the  stress-effective  field  to  be: 

The  derivation  for  the  uniaxial  case  yields  the  sane  result, 
with  the  exception  of  a  sign  reversal.  This  arises  from  the 
angular  dependence  of  the  magnetoelastic  term  in  Tcuation  (l). 
This  reversal  was  observed  experimentally,  just  as  predicted, 
Schneider  conducted  an  experiment  whereby  an  3NiCr  sample 
was  put  in  a  field  H=79  A/m,  and  sixty-six  microstrains  in 
tension  and  compression  v/as  applied.  Two  symmetric  stress 
cycles,  one  beginning  in  tension  and  the  other  in  compression, 
v/ere  imposed.  The  ratios  of  the  two  halves  of  the  cycles  we-^ 
compared,  A  graph  of  this  process  is  shown  in  Figure  (9): 


FIGIIRF,  9 


Law  in  the  Rayleigh  region,  that  the  ratio  between  the  two 
half-cycles  (r)  should  be; 


where  Hr  =  *H, 
mined  to  be  r  = 


The  experimental  value  for  the  ratio  was  deter- 
1,60  ±  ,02,  v/hich  lead  to  t'-e  relation: 

H  =  1,09  (  ^  =  applied  strain) 
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in  excellent  agreonent  with  the  derived  value  in  Zauation  (4) 
when  the  appropriate  constants  for  3Ni-Cr  are  substituted. 

In  summary,  the  effective  field  was  found  by  Schneider 
to  be  an  effect  that  is  linear  with  stress.  This  linear  relation 
was  discovered  to  be  the  same  for  transverse  stress,  with  the 
exception  that  the  effects  of  tension  and  compression  were 
reversed.  How  that  the  stress-effective  field  has  been 
examined,  an  analysis  of  the  experiments  that  determined  the 
stress-sensitive  reluctance  v/ill  be  given, 

B , )  Opposition  to  Domain  Wall  f^ovement 
The  second  effect  that  contributes  to  stress-induced 
magnetization  is  the  reluctance,  'X'J  and  its  variation  due  to 
stress.  The  susceptibility,  X»  is  the  rate  of  change  of  mag¬ 
netization  with  field, 

-Y  -  in 

'  ■ 

In  order  to  measure  the  stress-sensitive  susceptibility, 
the  sample  was  placed  in  a  fixed  stressed  state.  The  suscep¬ 
tibility  was  measured  by  applying  a  field  (H)  to  the  sample  in 
this  state.  The  stresses  were  varied  and  readings  v/ere  taken 
for  each  value  of  applied  stress,  Figure  (10)  displays  the 
results  of  these  measurements. 

Curve  C  is  the  susceptibility  for  zero  applied  stress. 

The  peak  occurs  at  X  =1520,  H  =700  A/m,  As  the  sample  was  sub¬ 
jected  to  compression,  the  peak  susceptibility  increased  and 
occurred  at  a  slightly  lower  applied  field.  These  peaks  moved 
gradually  upward  with  increased  compression  until  a  strain  of 
500  microstrains  was  reached,  where  a  limit  occurred,  Po 
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fijrther  increase  in  the  peak  snscept ibility  was  observed,  for 
stresses  greater  than  500  niicrostrains .  in  compression.  This 
limit  is  thought  to  be  due  to  a  finite  level  of  demagnetization, 
inclusions,  and  other  defects  in  the  material  which  prevent 
the  susceptibility  from  becoming  any  greater, 

10  -  Stress-Sensitive  Susceptibility 


A=  Liniit 

-300^# 
C=  0<f« 

r=  300 

i:=  600  u/# 
?=  9C0-<f« 
0=  1200^ 
H=  1500-v* 


In  tension  (curves  D-''-)  the  maximum  susceptibility  was 
gradually  decreased,  occurring  at  higher  values  of  applied 
field,  Mo  limiting  value  was  seen  in  tension  and  the  peaks 
decreased  smoothly. 

The  peak  of  each  curve  corresponding  to  the  maximum 
susceptibility  occurs  at  the  same  effective  field  inside  the 
sample,  /-.Ithough  the  applied  field  may  vary,  the  effective  field. 


given  by  Equation  (7),  remains  the  same  and  is  called  the 


coercive  field.  Because  the  effective  field  at  the  peaks  is 
constant,  it  is  possible  to  graph  the  peak  value  of  suscet^ti 
bility  against  the  value  of  the  stress  corresponding  to  that 
peak.  This  plot  is  shown  in  Figure  (11); 


FIGBRB  11 


In  this  graph,  one  can  see  the  limiting  value  of 
susceptibility  for ’stresses  less  than  -500  microstrains,  and 
the  smooth  decrease  through  the  sero  stress  point  and  for 
applied  tension. 


I's  was  discussed  in  Section  I,  the  stress-sensitive 
susceptibility  is  related  to  the  reluctance  through  the  inverse 
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proportionality  given  in  equation  (9).  V/hen  a  plot  is  made  of 
the  reluctance  against  stress,  a  linear  behavior  results,  as 


shown  in  figure  (12): 


12 


This  graph  shows  a  positive  slope  for  tensile  stresses  and 
an  asymptotic  value  for  compressive  stresses.  This  limiting 
reluctance  is  the  same  effect  as  the  maximum  values  obtained 
for  the  susceptibility  in  high  compression.  It  is  the  lower 
limit  of  reluctance  for  this  particular  material,  where  there 
is  no  longer  any  contribution  due  to  the  stress-sensitive 
reluctance, 

/ccording  to  Equation  (9),  the  slope  for  the  linear 
portion  of  the  graph,  when  the  constants  for  3NiCr  are  sub- 
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stituted  is  1.61  ±  .06,  A  least-squares  fit  of  the  data 
results  in  a  slope  of  1.55  ±  .05,  in  ^ood  agreement. 

There  is  a  deviation  of  the  data  from  the  linear  behavior 
expected  as  the  plot  crosses  through  the  origin.  This  curvature 
which  occurs  in  the  region  ±300  microstrains^ is  due  to  a  cont¬ 
ribution  of  internal  stresses  to  the  stress-  sensitive  reluc¬ 
tance,  As  was  mentioned  in  Section  I,  when  the  externally- 
applied  stress  is  of  the  same  magnitude  as  the  internal  stresses 
the  internal  stresses  have  an  impact  on  the  stress-sensitivity 
of  the  material.  At  values  of  large  externally  applied  stress 
in  tension  or  compression,  the  applied  stress  dominates  the 
internal  stresses,  and  the  linear  behavior  is  observed.  In  the 
region  between  ±300  microstrains,  the  internal  stresses  have  the 
effect  whereby  the  reluctance  is  seen  to  curve  smoothly  through 
the  zerjo  stress  point. 

The  agreement  between  the  derived  value  and  the  observed 
slope  suggests  that  the  stress-sensitive  reluctance  is  given 
by  Ea_uation  (9).  The  theoretical  equation  for  X*'  does  not 
predict  the  limit  seen  in  the  data.  This  asymptotic  behavior 
is  interpreted  as  being  independent  of  the  stress-sensitive 
contribution.  This  is  reasonable  when  one  considers  the 
effect  of  inclusions  and  other  obstacles  on  the  free  trans¬ 
lation  of  domain  walls  through  the  material.  The  conclusion  is 
that  the  linear  behavior  is  seen  in  tension  only,  and  that  any 
variances  under  compression  are  due  solely  to  the  contribution 
of  internal  stresses. 

The  final  experiments  v/ere  designed  to  examine  the 
population  fractions  (f)  of  the  various  types  of  stress-active 
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walls, 

C .  Iarg:e  Scale  Alterations  in  Domain  Structure 

It  was  necessary  to  measure  the  populations  of  stress- 
active  v/alls  both  in  a  corrnressive  state  and  in  a  tensile 
state.  In  order  to  do  this,  a  field  (H)  was  applied,  and  the 
sample  v;as  subjected  to  178  microstrains  in  tension.  From  this 
value  of  stress,  small  tension  and  compression  cycles  of  fifty- 
seven  microstrains  were  applied  to  the  sample.  For  the  tension 
cycles,  the  increase  in  magnetization  is  due  to  the  (90+) 
walls.  For  the  compressive  cycles,  the  magnetization  is  due 
to  the  (90-)  walls.  After  redording  the  magnetization  due 
to  the  tension  cycles  and  the  compression  cycles,  an  equivalent 
field  (h)  was  applied  to  the  sample.  The  magnitude  of  this 
field  was  determined  by  Equation  (4),  All  domain  walls  in  the 
sample  are  field  sensitive,  so  they  will  all  contribute  to 
the  magnetization  of  the  sample  when  the  field  (h)  is  applied. 

If  one  takes  the  ratio  of  the  magnetization  due  to  the  tension 
cycle  to  that  induced  by  the  field,  the  ratio  is  equivalent 
to  (f+).  Similarly,  if  one  takes  the  ratio  of  the  magnetization 
induced  by  the  compression  cycles,  the  ratio  will  be  (f-). 

The  tension  and  compression  cycling  was  done  for  average  strains 
of  178  microstrains  in  tension  and  compression,  and  for 
initially  applied  fields  H  =  258,  310,  362,  and  414  A/m. 

This  experimental  process  is  schematically  illustrated 
in  Figure  (13), 


A  mat he mat i cal  basis  for  this  process,  usin^  equation  (16), 
is  offered  below: 

(16)  dM  =  gf.1Cr(n^)dH. 


so 


TCo-CbOh 


(fj^=  1  for  applied  field) 


(f+)XT(H)h  -  (f-)‘Xr(0)h  (7,^r«r:or 

field  reversals) 

^  r.i;=  -‘X»(0)h 


‘i>=  (f-)XcC0)b  -  (f+)rXr(0)h 


::ht,  =  'Xijj,(H)h  -'Xff(0)h  ='X65A(H)h 
and  =  [(f+yX«-(K)h- -  ( f- )fXr ( 0 ) h]  +  [(f-r)t,(0)h  -  (f+yX,(0)h] 


=  (f-t)Xrr(H)h  (where  h,-  =h) 


taking  the  ratio  of  the  two  orocesses;  =  (f+) 


The  results  of  this  experiment  are  sl'.own  graphically 
in  figure  (14) -for  each  of  the  applied  fields  used.  It  was 
observed  that  the  populations  (f+)  and  (f-)  were  eaual  within 
the  ability  to  measure  them.  The  readings  taken  at  lower  fields 
(<310  l/y)  produced  diffuse  results  since  the  induced  magnet- 
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isations  v/ere  near  the  detection  limit.  At  higher  fields,  the 
results  hecame  very  reproducable.  The  measurements  shov/ed 
an  equality  of  (f+)  and  (f-)  walls  within  two  per-cent, 
independent  of  the  applied  field.  This  surprising  result  simp 
lifies  calculations  considerably. 


♦ 

A' 

♦ 

ft 

t 

i 

\ 

i 

-1- 

mxt 

\ 

\ 

\ 

L 

•  r-  iwiLS 

FIKLP  (A/H> 


Figure  (15)  shows  a  comparison  of  the  data  taken  in  the 
compressive  state  and  the  tensile  state.  The  comparison 
showed  that  the  total  stress-active  population, (f+)+(f-) , 
was  greater  in  tension  than  in  compression. 

J(f+)  +  (i‘~)l  tension  ^  compression 


At  the  value  of  compression  and  tension  used,  178  micro¬ 
strains,  the  ratio  of  stress-active  walls  between  tension 
and  compression  had  reached  a  value  of  1.56  *,.04.  It  is 
believed  that  the  ratio  is  a  function  of  stress,  since  the 
ratio  must  be  unity  in  the  case  of  zero  applied  stress. 

In  order  to  make  a  reasonable  assumption  as  to  the  nature  of 
this  function,  further  experimentation  is  reouired. 

The  inequality  of  stress-active  walls  between  tension  and 


compression  would  lead  one  to  predict  a  greater  increase 
of  stress-induced  magnetization  in  tension  than  in  compression 


This  figure  is  the  cumulative  display  of  four  processes, 
Before  stress  was  applied  in  each  case,  a  field  of  80  A/m 
was  applied  to  magnetize  the  sample  to  point  A,  In  the  first 
y^rocess  (curve  1),  tension  was  applied  continuously  from 
zero  to  1400  microstrains  and  back  to  zero.  Curve  2 


represents  the  application  of  tension  again,  however  the 


stress  was  cycled  at  500  and  1000  microstrains.  The  third 
process  was  the  continuous  application  of  compression  from 
zero  to  -1400  microstrains  and  back  to  zero.  The  fourth 
curve  is  the  cycling  of  compression  at  -500  and  -1000 
raicrostrains.  The  sample  was  demagnetized  between  each 
of  the  four  processes. 

Certain  characteristics  of  the  graph  have  already 
been  predicted  from  the  effects  already  examined.  There  is 
a  definite  asymmetry  in  the  application  of -tension  and 
compression,  with  greater  magnetization  being  seen  in 
tension  than  for  the  equivalent  value  of  compressive  stress. 
This  is  due  to  the  greater  population  of  stress-active  walls 
in  tension.  If  the  ratio  of  the  slopes  at  +187  microstrains 
and  -187  microstrains  is  taken,  the  value  obtained  is 
1.61  X  .04,  which  agrees  with  the  ratio  of  stress-active 
walls  observed  at  that  point,  in ’the  last  section  of 
data  analysis.  At  higher  values  of  stress,  the  simplicity 
seen  in  the  lower  stress  values  is  destroyed  due  to 
multiple  nonlinearities  from  other  contributions. 

It  can  be  seen  that  for  the  stress-cycling,  there  is 
very  little  increase  in  the  magnetization.  This  is  especially 
notable  in  compression,  where  there  is  greater  stcbilit;-. 

This  could  be  expected  due  to  the  equality  of  (f+)  and  (f-) 
walls,  Ihjring  the  cycles,  both  walls  are  behaving  according 
to  Kondorsky's  Law  and  are  increasing  the  magnetization 
at  the  same  rate,  but  in  opposite  directions.  The  sun  of 
the  equal  but  opposite  effects  is  zero  net  -  magnetization. 
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There  is  some  increase  seen  in  tension  for  the  first  cycle. 
This  is  due  to  creeping  ,  which  is  the  gradual  increase 
of  magnetization  due  to  cycling  of  stresses.  The  effect 
is  more  visible  in  tension  than  compression  because  of  the 
greater  population  of  stress  active  walls. 

This  inequality  causes  the  magnetic  behavior  in  tension 
to  be  'amplified'  in  comparison  to  the  compressive  side  of 
the  graph.  The  change  in  the  concavity  of  the  magneti¬ 
zation  curve  is  much  more  apparent  in  tension,  and  occurs 
at  a  lower  value  of  stress  than  for  compression.  This 
is  called  the  Villari  reversal,  which  is  due  to  the  changing 
magnetostriction  of  iron.  Iron  will  expand  when  a  low 
magnetic  field  is  applied  to  the  material,  but  begins  to 
contract  in  higher  fields.  This  will  result  in  a  change  of 
the  sign  of  the  magnetostriction  constant ,X*,  and  a 
subsequent  reversal  of  the  effects  of  stress  on  the  material. 
This  reversal  is  accounted  for  in  the  stress-effective 
field  equation  (Souation  (5))  and  in  the  stress-sensitive 
reluctance  (Equation  (9)),  both  of  which  depend  on  the 
magnetostriction  constant. 

Extremely  nonlinear  effects  are  seen  in  high  tension. 
These  arise  from  the  simultaneous  contributions  of  the  three 
effects.  At  this  stage,  it  is  not  possible  to  qualita¬ 
tively  evaluate  these  portions  of  the  curve. 

From  the  analysis  up  to  this  point,  a  very  good 
understanding  of  the  effects  of  stress  on  magnetization 
has  been  reached.  The  three  separate  effect  of  stress  have 
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been  identified  and  measured.  The  values  derived  from 
Equation  (1)  agree  with  the  experimentally  observed  values, 
which  indicates  that  this  approach  is  fundamentally  correct. 
The  next  step  towards  a  complete  understanding  involves 
generating  a  magnetization  curve  from  the  relationships 
that  have  been  evaluated  in  this  research.  This  would 
require  that  a  function  for  each  of  the  three  effects  be 
programmed  into  a  computer,  and  curves  of  the  type  seen  in 
Figure  (16)  being  produced  from  different  inputs  to  this 
program.  The  inputs  would  include  parameters  such  as  the 
applied  field,  applied  stress,  and  a  "magnetic  history" 
of  the  material. 
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L^RIVATICn  0?  IRICRTA^IT  E(;.UATICRS 


For  the  purposes  of  this  paper,  Fnuation  (l)  is  the 
starting  point  of  all  derivations.  Fairs  of  energy  con¬ 
tributions  are  considered  and  the  energy  of  the  two 
terras  is  minimized.  This  method  was  suggested  by 
R.  iM.  Bozorth"^. 


Equation  (2):  iiSA  *-2kAind,^C6tdMiiIcosa6«fc*  *  O 

f*r  p«iycr^s  ^dUine  the  on^ular  dependences  Owero^ed 

(ff  solid  angles V* 

u  -I  k  _ 

Equation  (3)  :  -  -gltstn^  eot6  »  3Atrco$^ni»ndm*^ 

«^*n ,  offer  ovcro^ini)  ^or  4ho  solid  on^let*. 

Ibf  *  Hi  or  I  V  ^ 

M  ms 


Equation  (4) ;  = -3At«rcosd,^5me„„  ♦  cos  Ohh  «0 

oO 

Hiii  fdlows  frem  d^v  ^cr  fronsverse  stress -fioU- 

stndMC  •  sin(6iw>^6Wce$dnii  ~  4hen  sabshtutc  into  E^ti*n  Ci) 
end  difforentiofe  f*  ^<4  4he  stotemenf  obove. 

H^tfronsvefsc)  sFT^" 


liquation  (4):  The  derivation  is  essentially  the  same  as  that 
for  Equation  (6),  except  that  =  6^, 
which  results  in  a  sign  reversal. 


Equation  (9):  ||a  • 

W  owr  somfie,  •fttr  canctllft^MA*. 


m  Hie  ia«ifU, 


stJJj  e(4cr  «*\U>en^te  Avero^'m^. 


f‘’«m  E^ueVisn  ^fcV* 


K** 


•«a  fn-  ^tie  rtfU«W«.0[‘\  MIC  edit  -Ua  vaUcs  miK  -llie 

inWerenV  reltfc4an«c  Ki!l^  ,  4»  ^c4 


All  other  equations  are  self-explanatory,  or,  in  the 
case  of  Equation  (16),  it  . is  proposed  as  a  possible  solution 
based  upon  the  theoretical  arguments  presented  in  the  text. 
This  appendix  should  provide  all  proofs  that  are  not 
obvious  at  first  glance.  They  are  set  apart  from  the  text 


in  the  hope  of  allowing  smoother  reading 


/ITETIDIX  B- 

SCHBEIDER'S  RBETATBKENT  CP  ITBLCRSKY '  S  IA’7  IB  TERXS  CF 
THE  EIPEEREMTIAI  SUSCSiTIBILITY 


Kondorsky’s  law  in  the  Rayleigh  region  states: 

=  HR)  -  2r^(^)  (aH4.2H) 

where  M  is  the  magnetization  of  the  material,  H  is  an 
applied  field,  and  aH  is  a  small  reversal  of  the  field. 
C.  S,  Schneider  observed  that  since 


that  the  magnet ization'* due  to  a  field  reversal  could  be  expressed 


MUH)  =  2  '  )dH’ 


V/ith  a  change  of  variables,  this  may  be  written: 

MUH)  =/>:(|)dI! 


This  relation  implies  that 


TC.Uh)  =‘X(^) 


(4F*2H) 


AIIilTTDIX  C- 


ANALYSIS  CF  3NiCr  STEEL 


Composition; 


Pb- 

94.25“/o 

Ni- 

2 . 94^/4 

Cr- 

1 .62% 

Mo- 

0.48% 

Mn- 

0.30% 

C  - 

0.14% 

Al- 

0.038% 

S  - 

0.018% 

P  - 

0.010% 

Impurities-  0.204^/^ 

HY-80  Steel  is  austenitized  at  1600  F  for  72  minutes, 
water  quenched,  and  tempered  at  1290  F  for  70  minutes. 


Magnetic  Constants: 

Saturation  Magnetization-  20,000  Gauss 
Residual  Magnetization  from  Saturation-  13,000  Gauss 
Coercive  Force-  650  A/m 
Maximum  Permeability-  910 

Saturation  Magnetostriction-  7.75  +  .04  raicrostrains 

*2 

Anisotropy  Constant-  4300  J/m^ 


f -f 


AirSlTDIX  D- 


I^LEX  CF  SYMBCI.S  USED 


A-  area  enclosed  by  the  B-coils  on  the  cylindrical  sample, 

B-  symbol  for  magnetization  in  the  sample, 

B-coil-  coil  of  100  turns  on  the  sample  which  sensed  the 
change  in  magnetization  in  the  sample, 

D-  the  demagnetizing  constant  resulting  from  the  finite 
geometry  of  the  sample, 

E-  Young's  Modulus  for  the  material, 

(f+)-  fractional  population  of  (90+)  walls, 

(f-)-  fractional  population  of  (90-)  walls, 

(f^)-  fractional  population  of  (180)  walls, 

(f, )-  total  fractional  population,  normalized  to  unity, 

U*-  applied  external  magnetic  field, 

internal  field  seen  by  the  material, 

stress-effective  field, 

k-  anisotropy  constant  for  the  material 

M-  magnetization' density ' in  the  sample 

M|-  saturation  magnetization  density, 

r-  mean  effective  radius  of  the  cylindrical  sample, 

R*-  resistance  of  the  B-coil. 

R,,  -  resistance  of  the  H-coil, 

-  voltage  across  the  B-coil. 

"V*  -  voltage  across  the  H-coil. 

€-  strain,  a  dimensionless  Quantity  -l/l  (fractional  change 
in  length), 

-  4ir  X  10  -  N/A^ 

-  saturation  magnetostriction,  the  total  fractional  change 
in  length  when  M*M  . 
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“X-  susceptibility  (dr';/dH), 

X.-  inherent  susceptibility  for  the  material. 

part  of  due  to  rotation  inside  the  domains, 
Xi  part  of  due  to  translation  of  domain  walls, 
X,-  stress-sensitive, susceptibility. 

X**-  reluctance. 

(T  -  stress 

removal  of  stress 
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The  effects  of  transverse  stress  on  the  msignetlzatlon  of  3NiCr  steel 
were  derived  and  observed  in  terms  of  three  separate  contributions.  First, 
the  previously  determined  stress-effective  field  was  examined  for  transverse 
stress,  and  agreed  with  the  results  obtained  in  past  experiments.  A  reversal 
of  the  effects  of  tension  and  compression  was  predicted  and  observed. 

Second,  the  stress-sensitive  reluctance  was  found  to  behave  linearly  — 

(OVER) 


I  JAN  7* 


EOITIDN  OP  I  NOV  ••  IS  OaSOLSTE 
S/N  0102*t.P>0l4.««01 


_ UNCLASSIFIED 

BBCURITV  CLASMPieATieN  DP  THIS  PAEE 


_ UNCLASSIFIED _  _ 

CUmTV  CUMnriCATION  or  this  r  AOC  (Whm  Data  mnan^ 


with  tensile  strain.  The  experimentally  observed  slope  of  1.^3*-03  correlated 
with  the  derived  value  of  1.60*.06.  A  lower  limit  to  the  reluctance  was  seen 
in  compression.  — 

The  third  effect  was  the  fractional  populations  of  stress-active  domain 
walls.  This  is  a  newly  postulated  effect  which  accovints  for  large-scale  change: 
in  domain  structure  due  to  the  application  of  external  stress.  The  fractional 
populations  of  field-enhancing  domain  walls  was  obsexTred  to  be  equal  to  that 
od  filed-r educing  walls.  Furthemore,  the  total  population  of  stress-active 
walls  was  found  to  be  a  function  of  applied  stress. 


